Abstract Autosomal recessive juvenile parkinsonism (AR-JP) (MIM 600116) is a hereditary neurodegenerative disorder characterized by levodopa-responsive parkinsonism with a mean age at onset of 23.2 years. We recently mapped the AR-JP gene locus to a 17-cM interval on chromosome 6q25.2-27. To further narrow the candidate region of the AR-JP gene, we performed detailed linkage analysis using densely placed genetic markers in this region (D6S437, D6S1581, D6S1579, D6S305, D6S411, SOD2, D6S253, D6S1599, D6S1719 and D6S264). Pairwise linkage analysis revealed the highest cumulative maximal lod score of 9.13 at D6S1579 (θ␣ ϭ␣ 0.05), and multipoint linkage analysis revealed the highest cumulative lod score of 12.4 at the locus 3␣ cM telomeric to D6S1599. Observation of obligate recombination events narrowed the candidate region to a 13-cM region between D6S1579 and D6S264. Furthermore, we identified two marker loci, D6S1579 and D6S1599, which exhibit strong linkage disequilibrium with the AR-JP locus:
Introduction
Autosomal recessive juvenile parkinsonism (AR-JP) (MIM 600116) is a hereditary neurodegenerative disorder characterized by levodopa-responsive parkinsonism with a mean age at onset of 23.2 years and a slowly progressive course (Ishikawa and Tsuji 1996) . The clinical features of AR-JP are characterized by mild parkinsonism including tremor, rigidity, bradykinesia and postural instability, with a good response to levodopa. In addition, diurnal fluctuation of parkinsonian symptoms, dystonic posture in the foot, frequent occurrence of the wearing-off phenomenon, dopa-induced dyskinesia and alleviation of the severity of parkinsonian symptoms following sleep are also characteristic of AR-JP (Ishikawa and Tsuji 1996) .
Families with this condition have been described predominantly in the Japanese population, and the condition has occasionally been given different names, including an autosomal recessive early-onset parkinsonism with diurnal fluctuation (AR-EPDF) or a familial form of juvenile parkinsonism (Yamamura et al. 1973; Kondo et al. 1990; Mizutani et al. 1993; Takubo et al. 1996) . Thus, there are considerable similarities in the clinical features of AR-JP with those of Parkinson's disease (PD), one of the most common neurodegenerative disorders, affecting more than 1% of the population over 55 years of age (de Rijk et al. 1995) . Identification of the causative gene for AR-JP by means of positional cloning, therefore, would not only help elucidate the molecular mechanisms of selective degeneration of dopaminergic neurons in the substantia nigra in AR-JP but also bring insight into the mechanisms of degeneration of these neurons in PD.
With this background, we performed a detailed linkage study on the 13 Japanese AR-JP families and recently mapped the gene for AR-JP to a 17-cM region on chromo-some 6q25.2-27 (Matsumine et al. 1997) . To narrow the candidate region, we further extended our linkage analysis of AR-JP using additional densely spaced markers in this region and identified markers which are in strong linkage disequilibrium with the AR-JP locus.
Materials and methods

AR-JP families
Following receipt of their informed consent, 14 multigenerational Japanese AR-JP families were examined by neurologists (Fig.␣ 1) . Genomic DNAs were obtained from peripheral blood leukocytes of 62 individuals: 23 individuals with AR-JP and 39 unaffected individuals. This study involved a recently identified AR-JP family (family 455) in addition to the 13 families for which we performed linkage analysis in our previous study (Matsumine et al. 1997) . Family 105 originated from Aomori Prefecture. Although the other 13 families originated from Niigata Prefecture, they were not related so far as we could determine. Clinical or neuropathological findings on the 13 families, except for family 455, have been described previously (Yamamura et al. 1973; Tanaka et al. 1987; Mizutani et al. 1993; Takahashi et al. 1994; Saito et al. 1995; Ishikawa and Tsuji 1996; Takubo et al. 1996; Matsumine et al. 1997) . Neuropathological findings were obtained in families 101 and 556, which demonstrated neuronal loss and gliosis in the medial and ventrolateral regions of the substantia nigra pars compacta. Lewy bodies were not observed in substantia nigra. Neuronal cell loss and a low melanin content of the locus ceruleus were also observed (Mizutani et al. 1993; Takahashi et al. 1994; Takubo et al. 1996) . In 11 of the 14 families (families 105, 547, 548, 549, 550, 551, 553, 554, 555, 556 and 557) , the parents of affected individuals were consanguineous. In family 552, parents III-1 and III-2 of the affected individuals IV-2, IV-5 and IV-8 were distant relatives, although their exact relationship could not be determined. Affected individuals were observed in only one generation in all the families.
The mean ages at onset are 24.6␣ Ϯ␣ 3.2 (mean␣ Ϯ SEM, range 8-38, n␣ ϭ␣ 9) years for male patients, 22.5␣ Ϯ␣ 2.7 (mean␣ Ϯ␣ SEM, range 8-43, n␣ ϭ␣ 17) years for female patients and 23.2␣ Ϯ␣ 2.1 (mean␣ Ϯ␣ SEM, range 8-43, n␣ ϭ␣ 26) years for male and female patients.
Linkage analysis
High-molecular-weight genomic DNAs were extracted from peripheral blood leukocytes by standard procedures (Sambrook et al. 1989) as well as from formalin-fixed or paraffin-embedded brain tissues as previously described (Goelz et al. 1985) . The microsatellite markers used in the present study are D6S437 (Gyapay et al. 1994) , D6S1581 (Dib et al. 1996) , D6S1579 (Dib et al. 1996) , D6S305 (Gyapay et al. 1994) , D6S411 (Gyapay et al. 1994 ), SOD2 (Matsumine et al. 1997) , D6S253 (Volz et al. 1994) , D6S1599 (Dib et al. 1996) , D6S1719 (Dib et al. 1996) and D6S264 (Gyapay et al. 1994) , of which D6S437, D6S305, D6S411, SOD2, D6S253, and D6S264 were used in our previous study (Matsumine et al. 1997 ). The consensus genetic maps of these markers are shown in Fig.␣ 2 (Gyapay et al. 1994; Volz et al. 1994; Dib et al. 1996) . Genetic distances were estimated using Haldane's map function. Individuals were genotyped using these microsatellite markers (Weber and May 1989) .
The gene frequency for AR-JP was assumed to be 0.003 (Tanaka et al. 1987; Matsumine et al. 1997 ). The genetic model assumed an autosomal recessive mode of inheritance of AR-JP with age-dependent penetrance. Five ageassociated risk classes (I: 0-9 years old, 0.076; II: 10-21 years old, 0.374; III: 22-33 years old, 0.678; IV: 34-44 years old, 0.891; and V: 45 years and over, 1.000) were identified from the cumulative age at the onset of the AR-JP curve of the 14 families. Calculations were based on equal recombination rates in males and females. Samples from control subjects who were not related to the families or to each other, consisting of at least 53 Japanese mainly originating from Niigata, were analyzed in order to determine allele frequencies for these markers. Individuals were examined by neurologists and judged to be affected or unaffected with AR-JP based on the results of the neurological examination. The phenotypes of those who did not undergo neurological examination were considered to be unknown for the calculation of lod scores.
Calculation of lod scores was performed using the MLINK and LINKMAP subprograms of the LINKAGE computer program package version 5.1 and the FASTLINK package version 3.0P (Cottingham et al. 1993; Schäffer et al. 1994) . Some of the long runs were carried out using FASTLINK in parallel (Gupta et al. 1995) on top of the TreadMarks distributed shared memory system (Amza et al. 1996) on an IBM SP2 computer at the National Institutes of Health. Multipoint calculations by homozygosity mapping were performed with MAPMAKER/HOMOZ (Kruglyak et al. 1995) . To reduce the computation time, the allele numbers were reduced.
Linkage disequilibrium analysis
One chromosome carrying and one not carrying the AR-JP gene were identified by haplotype segregation analysis for each family (Fig.␣ 1) . For families in which consanguineous marriages had occurred, a founder chromosome was identified and used for linkage disequilibrium analysis. For families in which nonconsanguineous marriages had occurred, or for individuals with consanguineous parents where the marker loci were heterozygous and thus not identical by descent, both marker alleles were used. To test for the presence of linkage disequilibrium, an assessment of allelic association was performed by comparing allele frequencies in the AR-JP chromosomes with those obtained for at least 53 unrelated Japanese controls. Multipoint linkage (Dib et al. 1996) and recently published data (Gyapay et al. 1994; Volz et al. 1994) . Genetic distance was estimated using Haldane's map function. The candidate region for the AR-JP gene is indicated. D6S437, D6S1581, D6S1579, D6S305, D6S411, SOD2, D6S253, D6S1599, D6S1719 and D6S264 were used for linkage analysis, of which D6S437, D6S305, D6S411, SOD2, D6S253 and D6S264 (indicated by *) were used in our previous study (Matsumine et al. 1997 ) Obligate recombination events were detected at D6S1579 in one affected individual, IV-8 of family 552; and at D6S264 in three affected individuals: II-5 of family 101, V-1 of family 547 and IV-4 of family 556 (Fig.␣ 1) . These obligate recombination events restrict the AR-JP locus to a 13-cM region, the centromeric boundary of which is at D6S1579 and the telomeric boundary at D6S264. Although an unaffected individual (II-4, family 455) (Fig.␣ 1) had haplotypes identical to those of the two affected siblings, she is 6 years old and still at risk for developing AR-JP in her later life.
Pairwise linkage analysis and recombination analysis suggested that the AR-JP gene is located in the region between D6S1579 and D6S264. The five markers (D6S1581, D6S1579, D6S1599, D6S1719 and D6S264) covering this region were selected from the linkage map (Dib et al. 1996) for multipoint linkage analysis. Multipoint linkage analysis revealed the highest cumulative maximal multipoint lod score of 12.4 at the locus 3␣ cM telomeric to D6S1599. According to the Zmax-1 method (Conneally et al. 1985) , the most likely location of the causative gene of AR-JP in the 14 families is estimated to be either within a 2.4-cM region centromeric to D6S1599 or within a 5.6-cM region telomeric to D6S1599 (Fig.␣ 3) . Multipoint likelihood calculations by homozygosity mapping were also performed with MAPMAKER/HOMOZ using seven markers (D6S437, D6S1581, D6S1579, D6S253, D6S1599, D6S1719 and D6S264) (Gupta et al. 1995) , and revealed the highest cumulative maximal multipoint lod score of 14.7 at a locus 1␣ cM telomeric to D6S1579 (Fig.␣ 4) .
Haplotype analysis and linkage disequilibrium at AR-JP locus
We constituted the haplotypes of these ten markers (D6S437, D6S1581, D6S1579, D6S305, D6S411, SOD2, disequilibrium analyses, the 2␣ ϫ␣ n table 2 test and the LRT 2 test, were performed using the DISMULT program version 2.1 (Terwilliger 1995) . The λ values for evaluation of the degree of linkage disequilibrium were calculated using the DISLAMB program version 2.1 (Terwilliger 1995) .
Results
Linkage analysis of AR-JP locus
Pairwise lod scores for the 10 microsatellite markers on the long arm of chromosome 6 are summarized in Table␣ 1. The highest cumulative maximal lod score of 9.13 was obtained at D6S1579 (θ␣ ϭ␣ 0.05). Markers D6S1581, D6S305, D6S411, D6S253, D6S1599 and D6S1719 also showed the 28 haplotypes including the 15 deduced haplotypes in these pedigrees which are not cosegregating with the disease. This result further supports the localization of the AR-JP gene in the region close to D6S1579.
All affected individuals born to consanguineous parents exhibited homozygosity for at least some of the markers analyzed. Homozygosity in the affected individuals was observed for almost of all the markers in families 101, 105, 549, 550, 551, 552, 554, 555 and 556 . Furthermore, homozygosity was observed at some of the markers in families 547, 548 and 557. Among the markers, D6S1579 is of interest since affected individuals born to consanguineous parents in 10 of the 11 families commonly showed homozygosity at D6S1579.
Table␣ 2 shows the linkage disequilibrium data for the 14 Japanese AR-JP families. Two marker loci, D6S1579 and D6S1599, showed significant linkage disequilibria with the AR-JP locus. Allele 1 (159␣ bp) at the D6S1579 locus was detected in 9 (40.9 %) of the 22 founder chromosomes, while this allele was detected in only 2 of the 106 control chromosomes [ 2 (2␣ ϫ␣ n Similarly high cumulative multipoint likelihood-ratios of 46.4 and 46.7 were obtained at the loci 2.0␣ cM telomeric to D6S1579 and 2.5␣ cM telomeric to D6S1599, respectively (Fig.␣ 5) . D6S253, D6S1599, D6S1719 and D6S264) for each family (Fig.␣ 1) . Interestingly, families 549, 550 and 556 showed similar haplotypes of 8-1-1-3, 8-1-1-7 and 8-1-1-3 at D6S437-D6S1581-D6S1579-D6S305, and families 105, 548 and 557 also showed similar haplotypes of 6-1-3-7, 8-1-3-7 and 8-1-3-7 at D6S437-D6S1581-D6S1579-D6S305. In contrast, only one haplotype of 8-1-1-7 at D6S437-D6S1581-D6S1579-D6S305 was observed (III-1, family 557) among LRT, likelihood-ratio test; bp, base pairs. * Markers used in the previous study (Matsumine et al. 1997 ). ** Genotypes of the genomic DNA (CEPH 134702) which were used as a size reference.
Discussion
We previously mapped the AR-JP gene to a 17-cM region between D6S437 and D6S264 on chromosome 6q25.2-27 (Matsumine et al. 1997) . In this study, the highest cumulative multipoint lod score of 12.4 was obtained at a region 3␣ cM telomeric to D6S1599. Obligate recombination events were detected at D6S1579 in one affected individual, IV-8 of family 552, and at D6S264 in three affected individuals: II-5 of family 101, V-1 of family 547 and IV-4 of family 556 (Fig.␣ 1) . These recombination events locate the AR-JP gene to a 13-cM region between D6S1579 as the centromeric boundary and D6S264 as the telomeric boundary. In our previous study, homozygosity was detected in only 8 of the 11 families in which consanguineous marriages had occurred. In families 547, 548 and 557, homozygous segregation of the marker alleles was not detected in spite of the occurrence of consanguineous marriage (Matsumine et al. 1997) . Interestingly, however, homozygosity was observed at D6S1579 in families 547 and 548. Since D6S1579 is a polymorphic marker with a %heterozygosity of 51% in normal Japanese individuals in this study, the homozygosity at D6S1579 in affected individuals born to consanguineous parents in 10 of the 11 families, including families 547 and 548, raises the possibility that the gene for AR-JP is located close to D6S1579. Consistent with this observation, multipoint likelihood calculations by homozygosity mapping performed with MAPMAKER/HOMOZ (Gupta et al. 1995) resulted in the highest cumulative maximal multipoint lod score of 14.7 at a very close distance of 1␣ cM telomeric to D6S1579 (Fig.␣ 4) .
As a result of the haplotype analysis, similar haplotypes, 8-1-1-3 and 8-1-1-7 at D6S437-D6S1581-D6S1579-D6S305, and 6-1-3-7 and 8-1-3-7 at D6S437-D6S1581-D6S1579-D6S305, were detected. Furthermore, the highest 2 (2␣ ϫ␣ n table and LRT) and λ values were obtained at D6S1579 (Table␣ 2), indicating that D6S1579 is in strong linkage disequilibrium with the AR-JP locus. Taken together, these results indicate that the most likely location of the AR-JP gene is in the region close to D6S1579. Another region flanking D6S1599 is also a region of interest, since the next highest 2 (2␣ ϫ␣ n table and LRT) and λ values were obtained at D6S1599 (Table␣ 2).
Taken together, these results suggest that a candidate region for the AR-JP gene is most likely to be the area near the 4-cM region encompassing D6S1579 and D6S1599. To define precisely the candidate region for the AR-JP locus and eventually identify the AR-JP gene, identification of additional polymorphic markers and detailed analysis on recombination events and linkage disequilibrium using additional AR-JP families will be indispensable. Identification of the causative gene for AR-JP, in addition to the recently identified gene for autosomal dominant PD, the α-synuclein gene (Polymeropoulos et al. 1997) , will facilitate our understanding of the pathogenesis of PD.
